A Thermoelectric Device (TE) is made up of dissimilar conducting materials that take a temperature difference (waste heat) and converts it to electrical power. In addition, depending on the direction of the current flow, a TE can also be used for heating/cooling. The reason why TEs are able to provide heating/cooling and be a source of electrical power is due to the Seebeck and Peltier effect. Due to TEs only having a ZT, figure of merit, value of one a lot of effort is being put into finding materials that could improve the improve the figure of merit. This paper reviews how the TEs are implemented in current applications.
Introduction
In the 21st Century, the driving forces that push emerging technologies are cost, size and efficiency. Researchers are working hard to be more energy efficient and coming up with technology that will hopefully cost less and be reasonable in size. Alternatively, if the technology already exists, we are always trying to improve it and make it more energy efficient. Another focus of the 21st Century are technologies that can help reduce greenhouse gas emission, reduce dependency of fossil fuels and reduce ozone depletion. We consume energy in many forms and most of that energy is lost as heat.
A Thermoelectric Device (TE) is a technology that is able to convert thermal energy into electric energy, which would have otherwise been lost. Thermoelectric devices take a temperature difference between two dissimilar metals and turn it to electrical power.
1 Thermoelectric devices can also provide heating and/or cooling depending the flow of the electric current. Thermoelectric devices use two physical effects known as the Seebeck Effect, and the Peltier Effect.
1 In order to fully understand how thermoelectric devices work we must first have a clear understanding of the Seebeck Effect and the Peltier Effect. A thermoelectric device produces electrical power from heat flow across a temperature gradient. In order to be an excellent thermoelectric the material, most likely a metal, it must be a good electrical conductor and have low thermal conductivity.
2 As heat flows from hot to cold, free charge carriers (electrons or holes) in the material flow to the cold end.
2 A good way to visualize how thermoelectric devices produce electrical current is to imagine electrons as a liquid inside a conduit. When one side of the conduit is raised, the liquid goes from the high end to the low end. This is because there is an increase of potential energy, which causes the liquid to drift downhill. Same effect happens to the fluid-like electrons/holes in a thermoelectric material when it is heated .
1

Background
The Seebeck Effect is named after the German physicist Thomas Johann Seebeck. In 1821-1823, Thomas Johann Seebeck discovered that by putting two dissimilar metals with junctions at different temperatures would deflect the needle in a compass magnet].
3 The Seebeck Effect is due to the response of the metals to the temperature difference, which in fact creates a current loop, which then produces a magnetic field. Seebeck was not aware of the current being produced and thought two metals became magnetically polarized by a temperature gradient.
4
It was not until Hans Christian, a Danish physicist, explained the term Thermoelectricity which is a voltage, thermoelectric EMF, when there is a temperature difference between two dissimilar metals. 4 As a result, a continuous current forms if the metals form a complete loop. This phenomenon is conveyed by the following equation,
where V is the thermoelectric voltage, T is the temperature gradient, and is the Seebeck coefficient. The other physical effect a TE uses is the Peltier Effect named after the French physicist Jean Charles Athanase Peltier. In 1834, Peltier found that the electrical current found in the junction of two dissimilar metals would either produce cooling or heating. Later in 1838, Lenz explained that depending on the direction of the current flow, heat could be removed at the junction to freeze water, or if the flow of the current is reversed, heat could be generated to melt ice. Thermoelectric devices have been perceived as having a great potential to take waste heat, turn it to electrical power, and making great contributions to reducing CO 2 , that in return, help provide cleaner forms of energy.
5
Thermoelectric efficiency is based on the temperature and ZT value and so far efficiency of thermoelectric devices has been relatively low which is why this technology has not been use in broader applications.
6 This is because finding materials with properties consisting of being good electrical conductors while having low thermal conductivity is not an easy task. Over the past years, interest has increased for research in finding better materials for thermoelectric devices due to the potentials the technology has. Since a thermoelectric device is a solidstate technology, better materials that are good electric conductors with poor thermal conductivity is essential in order to increase the Seebeck effect. These two properties are required in the fabrication of new TEs. 5, 7 One possible way to reach this goal is by integrating the usage of other technologies such as nanotechnology.
7 By using nanotechnology, one is able to manipulate individual atoms and molecules in a material, which in result alter its properties.
As of now, thermoelectric devices are not very efficient. In addition, the electric potential produced using thermoelectric is currently very low. The efficiency of thermoelectric devices is described by the thermoelectric materials figure of merit, ZT, which is a function of several transport coefficients.
Where S is the thermoelectric power (Seebeck coefficient), σ is the electrical conductivity, T is mean operating temperature, and κ is the thermal conductivity.
From the equation above, one can easily determine that in order to achieve a high ZT, the material used for the thermoelectric requires a high thermoelectric power S, a high electrical conductivity σ, and low thermal conductivity κ. Reaching these parameters has been a struggle for years because increasing thermoelectric power S causes a simultaneous decrease in the electrical conductivity σ 8 . When the electrical conductivity σ of the material increase, due to the Wiedemann-Franz Law that states the ratio of thermal conductivity to the electrical conductivity of a metal is proportional to the temperature of the metal, the electrical conductivity leads to an electronic contribution to the thermal conductivity.
5,8 As a result, when modifying one of the parameters a limit is easily reached because of the adverse effect each parameter has on each other. At the moment, the best materials that have a high ZT areBi 2 T e 3 alloys such as Bi 0.5 Sb 1.5 T e 3 and have a ZT of approximately one at room temperature, which is low in order for TEs to become economically competitive.
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These materials are neither completely metals nor insulators, but rather a gap of concentrations that are in the order of 1x10
19 to typically 1x10 21 carriers cm 3
6 . This value has not increased much, in fact, it has only increased by only a few tens of a percent since the 1950s. 9 In order for TEs to become more broadly accepted, ZT of value four has to be met. 9 One of the biggest reason why this goal has been intangible is because, even with quantum mechanics and nanotechnology, it is hard to predict the crystal structure of the semiconductors, which also includes the composition and properties of the material. Luckily, there has been advances in structure determination by x-ray diffraction that allows more complex materials to be studied. 9 Some of these advances in technology will help investigate the structure of the crystal in the thermoelectric materials. Understanding high complexity crystal structures of the thermoelectric materials are highly critical because complex crystal structures give a high Seebeck coefficient and small thermal conductivity 6 . Most of the materials used in thermoelectric applications and their perspective ZT value can be seen from Figure  3 . For example, if we optimize Bi 2 T e 3 at 300K we would get a ZT value of one.
It was not until the 1990s that a resurgence of interest in making TEs more efficient began. 10 This was due to theoretical predictions using nanonstructural engineering, which sparked the interests in many scientists to start researching different materials.
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As previously stated, the efficiency of thermoelectric devices improves when the ZT value increases. In metals or degenerate semiconductors (semiconductors that are highly doped) the Seebeck effect is directly proportional to temperature, effective mass m * , and is inversely pro- portional to the change carrier concentration n. 11 The energy independent scattering can be approximated by the following relationship:
1 ρ = σ = neµ From the equations above, it can be inferred that in order to achieve a high figure of merit, ZT, by using heavily doped semiconductors with a very large DOS, a high mobility, and high carrier concentrations. By using Bi 2 T e 3 alloys, this method causes disorder, which as result scatters phonons without disrupting the electron transport.
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Alloying of materials for thermoelectrics decreases, the lattice thermal conductivity, but other methods can also be used to reduce thermal conductivity to achieve a high ZT.
11 When focusing on such advancements high efficiencies could be attainable by using complex bulk materials such as Zintl phases, skutterudites, and clathrates.
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TEs Uses and Applications
Popularity for the use of thermoelectric devices grew in 1933 when the US Governments Office of Naval Research and Defense Advanced Research Projects Agency asked researchers to advise a way to improve the ZT value.
12
What attracted the use of TE devices was that this technology:
• Had no moving parts, hence, required less maintenance.
7,13
• Does not contain chlorofluorocarbons or any other material that need periodic replenishment.
7
• Versatile-just by changing the direction of the current flow the TE device would go from being a heat source to a cooling source.
3,7
• Being able to function in harsh environments.
7
Even though, the figure of merit of thermoelectric devices is quite low, this technology has found its way into the use of many different small applications such as heaters (or coolers), thermal energy sensors, and power generators.
5,7
Power Generation A thermoelectric generator is seen as a heat engine that uses charge carriers as the working fluid.
7 Due to its low efficiency, typically 5%, the use of TEGs have been limited in the medical and military industry. 7 The size of thermoelectric generators vary depending on the heat source is, power requirement, and intended use of the thermoelectric generator. Another way TE can be used for power generation is using Radioisotope Thermoelectric Generators (RTGs). NASA has used this technology to power their voyager missions due to its ability for deep space explorations.
14 The main heat source for the RTGs is a radio isotopic plutonium-238(fuel) in the form of oxide P uO 2 . When the isotope decays, the energy released is converted to heat which and it is the source of heat for the RTG to use to convert to electricity to keep the voyager powered.
15
Other Applications A significant commercial development has been for the automotive industry, which started incorporating thermoelectric technology. One way the automotive industry incorporates the use of TEs is by developing climatecontrol seat (CCS) systems and placing them in passenger seats.
5,14
Conclusion
Thermoelectric technology is used in many small applications and now that the industry is moving towards more sustainable sources for energy, there is a higher chance technology progression is going to increase. Other uses for this type of technology is the architectural field, but there is still a lot research that needs to be done to improve the efficiency of the TEG. Now, thermoelectric generators do not have enough momentum to be used in the electric industry as a source for high power. Therefore, in order to obtain a high enough total voltage to be usable, multiple thermoelectric generators must be connected in series together, which in turn greatly increases the electric resistance, causing much of the electrical energy created to be wasted as heat. 16 As of now, it seems that people are only using thermoelectric power in small scales requiring less than 1000W.
2 If, one day, the average ZT is able to reach a value of 2 at room temperature this would make HVAC systems practical as a result, replacing R-134 with electric current as a working fluid.
5
Now that the industry is moving towards more sustainable sources for energy, there is a higher chance for TE to progress due to its potential to provide a clean source of energy while reducing greenhouse emissions.
